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Abstract
The growing concerns over global warming and carbon dioxide emissions have driven extensive research into
novel ways of capturing carbon dioxide in power generation plants. In this regard, oxy-fuel combustion has
been considered as a promising technology. One unconventional fuel that is considered is sour gas, which
is a mixture of methane, hydrogen sulfide and carbon dioxide. In this paper, carbon dioxide is used as the
dilution medium in the combustor and different combined cycle configurations were considered and analyzed,
each with a different way of dealing with the harmful sulfur products in the working fluid. Out of these
options, which included acid resistance, no-condensation and SOx removal cycles, it is found that the cycle
using acid resistant materials to have the best efficiency at 45.2%. However the cost of electricity (COE) of
the cycle incorporating SOx removal is about 3% lower. Comparing these combined cycles to the sour gas
water cycles discussed in our previous paper [1], it is evident that sour gas based oxy-combustion combined
cycles generally perform better in terms of both technical and economical performance. Therefore, it is
concluded that the best process cycle to use for this sour gas fuel to be the combined cycle with the SOx
removal system. This high-efficiency cycle has the lowest COE out of all of the five cycles studied.
Keywords: Oxy-fuel combustion, Power cycle analysis, CO2 capture and sequestration, Sour gas,
Combined cycle
1. Introduction
Carbon dioxide emissions reduction, especially from the power generation sector, is vital for mitigating
the effects of global warming as is motivated and discussed extensively in the literature [2, 3]. Global CO2
emissions from electricity production are expected to increase by approximately 43% over the next 20 years,
assuming a business as usual scenario [4]. Carbon capture and storage (CCS) technologies, including oxy-5
fuel combustion, are one of the important strategies in reducing CO2 emissions [5, 6] while supporting the
increasing world-wide energy demand.
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Specifically, natural gas cycles with CCS have the potential to become economically competitive with
zero carbon energy sources such as renewables [7]. With the recent increase in shale gas production and
the potential implementation of CO2 emissions reduction policies, this trend is expected to continue in the10
future. Once again, we are going to be focusing on a specific type of fuel for oxy-combustion, sour gas. As
we discussed extensively previously [1], there is a great potential for using this type of fuel in an oxy-fuel
cycle that can be used to capture the carbon dioxide from the plant. Sour gas is a type of natural gas that
contains significant amounts of both hydrogen sulfide (H2S) and CO2, with typical compositions of each
around 0-30% H2S and 0-80% CO2 (by volume) [8].15
The objective of this study is to explore the use of sour gas directly as the fuel in an oxy-combustion power
plant with CCS. However, sour gas combustion produces harmful compounds that can cause hot corrosion
in turbines (due to SOx) [9] and acid corrosion in the low temperature equipment (due to H2SO4). There
are also constraints on the concentration of SOx compounds (e.g. SO2<100 ppm [10, 11]) that will have to
be met before transportation of the produced CO2 stream for storage or enhanced oil recovery (EOR).20
In oxy-fuel cycles, the type of diluent used affects the cycle layout and configuration. If H2O is used as the
diluent, the Water cycle [12, 13, 14, 15] is generally used to model this case. For the Graz cycle [12, 16, 17],
both H2O and CO2 are used as diluents. Finally in the Semi-Closed Oxy-fuel Combustion Combined Cycles
(SCOC-CC) [12, 16, 18, 19, 20, 21, 22, 23], only CO2 is recycled back to the combustor by condensing and
removing the H2O from the flue gases.25
The focus of this paper is on sour gas combined cycles; the previous paper [1] focused on the sour gas
water cycles. The combined cycle consists of a high temperature Brayton cycle and a conventional bottoming
steam turbine cycle [19]. For typical methane based oxy-fuel combined cycles, the working fluid consists of
about 80% CO2 and 20% H2O (by volume). For the sour gas case, the working fluid will also contain
certain amounts of SOx compounds which, as will be discussed in detail later, will have a big impact on30
the cycle performance and configuration because of the change in heat capacity and dew point of this new
working fluid. Also, as a result, certain materials need to be used for the fuel compressors, turbines and heat
exchangers which also affect the cost of these cycles (as will be shown in section 4.8). The effects of these
sulfur compounds were mentioned previously (hot and cold corrosion), and also in greater detail in [1].
The methodology used in this study is briefly described in Section 2. Section 3 presents the different35
sour gas combined cycles modeled. In Section 4 the results are discussed, and finally Section 5 includes the
summary and conclusions of this work.
2. Methodology
The same methodology was used when modeling the sour gas combined cycles and the water cycles. As
was discussed in the previous study [1], Aspen Plus R©[24] was used to perform the cycle simulations. The40
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PR-BM property method [24] was used to model the combustors, whereas the SR-Polar property method
was used for the other components due to the presence of the sulfur compounds in the fluid.
A detailed literature review done on the methane oxy-fuel combined cycles, led us to consider three
different configurations for the sour gas combined cycles: an acid resistance, a SOx removal and a no-
condensation cycle. The Acid Resistance cycle, as the name implies, is where acid resistant materials are45
used in the cycle components where the working fluid is allowed to condense, since this leads to the formation
of sulfuric acids. These materials greatly increase the cycle cost as will be shown later. The SOx removal
cycle is the second type. In this case the working fluid doesn’t condense but instead is sent to a SOx
removal system which purifies the stream from all the sulfur compounds resulting in a mainly CO2 rich
stream (with some H2O, Ar and N2). This new stream is then used in the rest of the cycle. However,50
this SOx removal system has an efficiency penalty associated with it, although it takes care of the acid
condensation and corrosion problem. The last configuration, specifically used for the combined cycle, is
the “No-Condensation”. Another option to combat the problem of acid corrosion due to condensation is
presented and in this cycle, the working fluid is not allowed to condense anywhere. Therefore, the working
fluid remains at a temperature above the dew point throughout. As will be shown later on, there is also a55
significant energy penalty that results from the inability to recuperate the latent enthalpy of the working
fluid when it condenses. In all of these cycles, the dew point of the working fluids (which is mainly dictated
by the level of H2O) is an important parameter which affects the performance of the cycles in terms of both
cost and efficiency. In the acid resistance and SOx removal cycles, the H2O composition is much lower than
the “No-Condensation” cycle and this in turn has a large effect on the efficiency and cost of those cycles as60
will be discussed in the next sections.
These three cycles were modeled and the results of this analysis are discussed in the forthcoming sections,
along with a final comparison with the sour gas water cycles that were discussed previously [1].
3. Sour Gas Combined Cycles
3.1. Modeling Assumptions65
The assumptions made when performing a thermodynamic analysis and modeling of the three sour gas
combined cycles are shown in Table 1. The same assumptions were applied to all three sour gas combined
cycles: Acid-Resistance Cycle, No-Condensation Cycle and SOx Removal Cycle.
Detailed descriptions of the combustor modeling (including accounting for SO3 emissions), air separation
unit (ASU) modeling and the CO2 purification unit (CPU) modeling were explained in [1].70
In our analysis, a fixed combustor exit temperature of 1300◦C was chosen for all of the combined cycles1.
1In the methane combined cycles, typical combustor temperatures are between 1200-1400◦C [12, 19, 20, 18]
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Sour Gas Combined Cycles
Fuel
Composition (mol%) 70% CH4, 15% H2S, 15% CO2
Combustor
Operating Pressure (bar) 40
Pressure Drop (%) 5
Turbine
TIT (◦C) 1300
Isentropic Efficiency (%) 85
Compressor
Isentropic Efficiency (%) 85
Heat Exchangers
Minimum Internal Temperature Approach (◦C) 20
Pressure Drops (%) 5
Steam Cycle
TIT’s (◦C) 560
Turbine Efficiencies (%) 90
Pump Efficiency (%) 75
ASU
Specific Power (kWh/kg-O2) 0.225
O2 Stream Composition (mol%) 95% O2, 4.2% Ar, 0.8% N2
SOx Removal System
Gas Exit SO2 Concentration < 100 ppm
Liquid Exit pH ≈ 7
CPU
CO2 Delivery Pressure (bar) 110
Exit CO2 Stream Composition (mol%) > 99% CO2 (EOR Ready)
Table 1: Sour gas combined cycles modeling assumptions
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Figure 1: Overall process layout for the sour gas combined cycle with acid resistance
The operating pressure of the combustor for the combined cycle is 40 bars, which is also the typical combustor
pressures for gas turbine combined cycles [12]. A pressure sensitivity analysis was done for the methane and
sour gas combined cycles and the results of this will presented later. A conservative combustor pressure drop
of 5% was also assumed.75
3.2. Acid Resistance Cycle
The first type of the sour gas combined cycles that was modeled is the “Acid Resistance Cycle”. This
cycle configuration is similar to the methane combined cycles modeled in [12, 18, 19, 21, 22, 23]. The only
difference being the fuel composition (70% CH4, 15% H2S, 15% CO2) and the assumption of acid resistant
materials being used for all the low temperature cycle components. Figure 1 shows the cycle diagram, with80
the corresponding T-s diagram in Figure 2.
The working fluid, consisting of about 76% CO2, 3% H2O, 13% SO2 (by volume), enters the main
5
Figure 2: T-s diagram of the sour gas combined cycle with acid resistance
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compressor (C1) at state 1 and is compressed up to a pressure of 40 bar. On the gas side, the oxygen stream
from the air separation unit is sent to the combustor along with the fuel (70% CH4, 15% H2S, 15% CO2),
and the recycled working fluid. The recycled working fluid acts as a diluent in the combustor, and so the85
recycle ratio (m˙1/m˙7) of the working fluid fixes the combustor exit temperature at 1300
◦C. The combustor
flue gases (68% CO2, 14% H2O, 12% SO2 by volume) at 1300
◦C, state 3, are next expanded in the turbine
to 1.12 bars to produce work. The lowest pressure in the cycle was chosen to be always greater than or equal
to 1 atm to prevent any back flow when any of the fluid streams are extracted from the main cycle (ex. state
7).90
Next, the main working fluid enters the heat recovery steam generator (HRSG) at state 4 where it
transfers thermal energy to the steam cycle while being cooled down to state 5. The steam bottoming cycle
is similar to the steam turbine cycles of conventional combined cycle power plants. It is a double pressure
Rankine cycle with reheat for better efficiency.
When modeling the HRSG, the heat exchanger was divided into a non-condensing section and a condens-95
ing section. This was done to minimize the cost of acid resistance material needed, since those would only
be required for the condensing part. The dew point of the working fluid (68% CO2, 14% H2O, 11% SO2) is
around 155◦C therefore the exit temperature of the non-condensing section was chosen to be 160◦C.
The remaining working fluid at state 5 is condensed to 25◦C in the condenser and then the liquid (mostly
water) is separated out to state 7. Since the working fluid, containing sulfur compounds, is allowed to100
condense in the HRSG and condenser, sulfuric acid will corrode those components. Thus acid-resistant
materials are required to protect those components and as a result will significantly increase the cost of
the cycle. After that 91% of the working fluid is recycled back up to the compressor to be the diluting
medium in the combustor. Then finally the excess working fluid is extracted in the bleed valve, sent to
the CO2 purification unit (CPU) and compressed up to 110 bars. The CPU removes the inert compounds105
from the working fluid (Ar & N2) but before this, the sulfur compounds are also removed because of EOR
requirements. This SOx removal system was described in detail in [1].
The efficiency of this cycle with these conditions was found to be 45.2%. In comparison with a methane-
equivalent combined cycle with the same layout but different fuel, this sour gas cycle has about a 0.7%
efficiency decrease. The main reason for this is from the difference in working fluids and the different110
heat capacities which affect the turbine work and thus efficiency. This methane-equivalent cycle will be
considered as our reference case in the rest of the paper. We will benchmark the performance of the new
sour gas combined cycles against this oxy-fuel power cycle where the sour gas fuel has been theoretically
purified (leaving pure methane) before entering the combustor. This type of cycle would be a better reference
case than a post combustion methane combined cycle since in the present analysis, the focus is on burning115
the fuel in pure oxygen to eliminate NOx emissions and to make the CO2 capture process easier. Post
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Figure 3: Effect of varying combustor pressure on the net cycle efficiency for the sour gas (acid resistance) and methane
combined cycles
combustion cycles would have to deal with these added issues and so a fair comparison to our sour gas cycles
would not be obtained.
A pressure sensitivity analysis was performed on the sour gas and methane combined cycles by varying
the combustor pressure between 10-50 bar and observing its effect on some important cycle parameters. The120
results are shown in Figures 3 to 4.
Figure 3 shows the effect of varying pressure on the net cycle efficiencies. The efficiency of both cycles
increases with pressure, as expected, and the methane cycle has about a 0.7% efficiency gain over the sour
gas cycle, except for pressures below about 15 bar. It can also be seen that the methane cycle efficiency
starts to level off at a pressure of around 40 bar (turbine pressure ratio ≈ 40) which agrees with what is125
obtained in the literature [18, 23].
At the low combustor pressures, the sour gas cycle interestingly has a slight efficiency improvement over
the methane case. This is because the bottoming steam cycle’s net power output (per heating value of the
fuel) for the sour gas cycle is initially much higher than that of the methane cycle which has the biggest effect
on the efficiency difference. Even though the methane cycle’s working fluid has a higher heat capacity which130
increases the HPT’s power over the sour gas case, the steam cycle’s power output difference has the bigger
effect on the whole cycle’s net efficiency at these lower pressures. A similar trend in the cycle efficiency was
observed when varying the pressure for the other two sour gas combined cycles that will be discussed next.
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Figure 4: Effect of varying combustor pressure on sulfuric acid concentrations for the sour gas (acid resistance) combined cycle
The working fluid compositions (at the exit of the combustor) did not vary much with pressure for the
sour gas cycle and were found to remain fairly steady at about 68% CO2, 14% H2O, 11% SO2, 6% Ar and 1%135
N2 (by volume). The important component, SO2, concentration was found not to be sensitive to combustor
pressure changes. Thus during the actual operation of the system, combustor pressure variations would not
affect the composition of the working fluid and hence it’s dew point. This means that the HRSG’s operating
conditions would not need to be adjusted which might have altered the cycle layout. But the H2O mole
fraction was found to slightly decrease with pressure because of the increasing recycle ratio. As the recycle140
ratio is increased, more and more CO2 is recycled to the combustor which eventually slightly decreases the
fraction of the H2O in the working fluid at the exit.
From Figure 4, the H2SO4 concentrations at both the condenser and HRSG exits decrease with pressure
because the amount of H2O in the working fluid is decreasing. Also, the concentration at the condenser exit
is higher because of the lower temperature, so more of the water has condensed and reacted with the SO3145
to produce H2SO4 through reaction 1 shown below.
SO3 + H2O −−→ H2SO4 (1)
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Figure 5: Overall process layout for the sour gas combined cycle with no condensation
3.3. No-Condensation Cycle
The second type of the sour gas combined cycles that was modeled, is the “No-Condensation Cycle”.
This cycle, as the name implies, is one where we don’t allow the working fluid to condense in the main
topping cycle. This type of cycle was modeled to see what the impact on cycle performance and cost would150
be when the working fluid doesn’t condense, thus the issue of corrosion would not be as prevalent as the
previous acid resistance cycle. Figure 5 shows the cycle diagram and components for the no-condensation
sour gas combined cycle, with the corresponding T-s diagram in Figure 6.
The working fluid, consisting of about 32% CO2, 59% H2O, 6% SO2 (by volume), enters the main
compressor (C1) at state 1 and is compressed up to a pressure of 40 bar. On the gas side, the oxygen stream155
from the air separation unit is sent to the combustor along with the fuel (70% CH4, 15% H2S, 15% CO2),
and the recycled working fluid with the appropriate recycle ratio to fix the combustor exit temperature at
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Figure 6: T-s diagram of the sour gas combined cycle with no condensation
1300◦C. The combustor flue gases (32% CO2, 59% H2O, 6% SO2 by volume) at 1300◦C, state 3, are next
expanded in the turbine to 1.12 bars to produce work. Once again, the lowest pressure in the cycle was
chosen to be always greater than or equal to 1 atm to prevent any back flow when any of the fluid streams160
are extracted from the main cycle (ex. state 5). The pressure ratio of this cycle was kept the same as in all
the other cycles in order to make a fair comparison and also because we want the main differences between
the cycles to be the way we deal with the S-compounds in the cycle and not necessarily the main operating
conditions.
Next, the main working fluid enters the HRSG at state 4 where it transfers thermal energy to the steam165
cycle while being cooled down to state 5. In this case, the working fluid doesn’t condense in the HRSG
unlike the previous cycle. So a constraint was placed on the exit temperature of the HRSG to be higher
than the dew point. The dew point of this cycle’s working fluid (32% CO2, 59% H2O, 6% SO2 by volume)
was close to about 245◦C.
Therefore when modeling the HRSG for this cycle, a couple of design parameters and constraints had to170
be met. From Table 1, the heat exchangers were designed to have a minimum internal temperature approach
of 20◦C and the exit temperature for the steam in the HRSG was fixed at 560◦C. Also as mentioned the
HRSG exit temperature of the gas was set to be at a temperature of 250◦C in order to exit above the dew
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point and prevent condensation. The way to ensure this was to set a design specification for the HRSG
where the mass flow rate of the steam cycle was varied until that gas exit temperature was reached. For175
this cycle, there is an efficiency penalty associated with this. Since the exit temperature of the HRSG is
much higher than before, the calculated mass flow rate of the steam cycle is lower and thus reduce the power
output of the steam turbines which will decrease the efficiency.
At the exit of the HRSG, state 5, 90% of the working fluid is recycled back up to the compressor to be
the diluting medium in the combustor. Since the working fluid didn’t condense, the temperature at state180
5 is much higher than those of typical compressors. As such, the temperature at state 2 is also very high
(∼900◦C). Therefore the mass flow rate of the cycle would have to increase as the enthalpy difference across
the combustor has decreased, in order to keep the heat input across the combustor constant. This makes
the work required for compressor C1 very high because of the high inlet temperature and the high mass flow
rate of the working fluid. Adding intercooling would reduce that work in C1 but will result in a lower mass185
flow rate of the cycle because the temperature at 2 would be lower now (∼600◦C). This will in turn result in
a lower mass flow rate of the steam cycle which will greatly impact the overall net work output and further
lead to a reduced efficiency. Therefore, through the results of an analysis that was done, it was found that
the best option would be too keep the exit temperature of C1 high by not having intercooling. Doing this
would help to reduce the exergy losses in the combustor because of the lower temperature difference and190
eventually lead to better performance results and cycle efficiency.
After the excess working fluid is extracted in the bleed valve, it is sent to the CO2 purification unit
(CPU) and compressed up to 110 bars. The CPU removes the inert compounds from the working fluid (Ar
& N2) but again the sulfur compounds are also removed, because of EOR requirements.
By looking at the T-s diagram in Figure 6, because the temperature of state 1 is 250◦C, the shape of the195
gas topping cycle (black plot) is smaller and shorter than that of the acid resistance cycle and so we would
expect and predict a lower cycle power output and lower cycle efficiency. Indeed the efficiency of this cycle
with these conditions was found to be 35.6%. In comparison with the previous cycle, it can be seen clearly
that there is a significant efficiency drop of around 10%. Some of the reasons for this, which will be later
discussed in greater detail, is the fact that the working fluid is not condensing in the HRSG and so it is not200
transferring its latent energy to the steam in the steam cycle which would have produced more work.
We investigated the role of the steam cycle design on the overall cycle performance. As can be seen from
the T-s diagram, state 5 of the topping cycle is at a much higher temperature than state 1 of the steam
cycle. These large temperature differences in the HRSG will result in large exergy losses which will decrease
the overall cycle efficiency. We modified the steam cycle in order to operate in the supercritical region thus205
raising the pressures and temperatures of each of the points on the cold side of the HRSG. This helped to
reduce the temperature differences in the heat exchanger and indeed resulted in an overall cycle efficiency
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Figure 7: Overall process layout for the sour gas combined cycle with SOx removal
gain of almost 2%. Therefore it is possible to considerably raise the cycle’s efficiency but even with this
improvement, the No-Condensation cycle still does not come close to the performance of the other two sour
gas combined cycles.210
3.4. SOx Removal Cycle
The third and final type of the sour gas combined cycles, is the “SOx Removal Cycle”. This type of cycle
was modeled in order to see how the cycle performs and what costs to expect when the SOx compounds are
removed from the working fluid before it is allowed to condense, thus acid corrosion would then not be an
issue. Figure 7 shows the cycle diagram and components, with the corresponding T-s diagram in Figure 8.215
The working fluid, consisting of 89% CO2, 2% H2O, 8% Ar (by volume), enters the main compressor (C1)
at state 1 and is compressed up to a pressure of 40 bar. As can be seen, there is no SO2 in the working fluid
at this state because of the SOx removal system. On the gas side, the oxygen stream from the air separation
13
Figure 8: T-s diagram of the sour gas combined cycle with SOx removal
unit is sent to the combustor along with the fuel (70% CH4, 15% H2S, 15% CO2), and the recycled working
fluid. The combustor flue gases (78% CO2, 13% H2O, 1% SO2 by volume) at 1300
◦C, state 3, are next220
expanded in the turbine to 1.6 bar, the optimal pressure for SOx removal and efficiency maximization.
Next, the main working fluid enters the HRSG at state 4 where it transfers thermal energy to the steam
cycle while being cooled down to state 5. Once again, the working fluid doesn’t condense in the HRSG. So
a constraint was placed on the exit temperature of the HRSG to be higher than the dew point of 143◦C. In
this cycle at the exit of the HRSG, the working fluid is then sent to the SOx removal system, and the exiting225
vapor stream now consists of mostly CO2 with some Ar and N2.
The SOx removal system operates similar to traditional flue gas desulfurization systems [25] commonly
found in coal power plants where the flue gases are sprayed with a lime (CaO) slurry to condense and
neutralize the effect of the acidic mixture. The SOx compounds dissolve in the resulting liquid and are thus
removed from the gas stream. This was explained in greater detail in the previous paper [1]. The purified gas230
stream is then cooled down to the condenser temperature of 25◦C before exiting the SOx removal system.
At the exit of the SOx removal system, state 6, 92% of the working fluid is recycled back up to the
compressor to be the diluting medium in the combustor. After the excess working fluid is extracted in
the bleed valve, it is sent to the CO2 purification unit (CPU) and compressed up to 110 bars to yield a
capture-ready carbon dioxide stream for EOR. The CPU removes the inert compounds from the working235
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fluid (Ar & N2). The efficiency of this cycle with these conditions was found to be 42.8%. In comparison with
the previous cycles, this one had a better efficiency than the “No-Condensation” cycle but lower than the
“Acid Resistance” cycle. One reason for this, which will be later discussed in greater detail, is the fact that
the turbine pressure ratio is slightly lower than the other two cycles and so the work output and efficiency
decreases as a result of this.240
4. Results and Discussion
4.1. T-s Diagrams
When comparing the T-s diagrams of the three sour gas combined cycles, shown in Figures 2, 6 and
8, one can see that firstly they all have the same steam bottoming cycle. Therefore the only thing that
changes between all of them is the mass flow rate of that cycle. State 1 is different for the No-Condensation245
cycle because the temperature is maintained above the dew point of the working fluid before it is sent to
the compressor at 250◦C. Consequently, state 2 is also different and much higher. The shapes and areas of
the plots for the other two cycles are also close which explains why the efficiencies are closer to each other
than the No-Condensation cycle. The T-s plot for that No-Condensation cycle is shorter and narrower than
the other two and so it is expected for the efficiency to be lower than the other two cycles which is indeed250
the case. For the SOx removal cycle, the low pressure line is slightly higher than the Acid Resistance cycle
because of the slightly higher pressure required for the SOx removal system (1.5 vs 1 bar).
4.2. Recycle Ratio
The recycle ratios are: 91%, 90% and 92% for the acid resistance, no-condensation and SOx removal
cycles respectively. The recycle ratio is mainly dictated by the heat capacity of the working fluid. For these255
cycles, the SOx removal cycle’s working fluid had the lowest heat capacity, and therefore required slightly
more recycling for the same combustor exit temperature (1300◦C). On the other hand the No-Condensation
cycle had the highest capacity working fluid (due to the much higher amounts of H2O) and so had the lowest
recycle ratio at 90%. The recycle ratio of the reference plant (methane oxy-fuel cycle) was found to be 92%
which is in-line with the sour gas cycles.260
4.3. Working Fluid
The working fluid at both the compressor entrances and combustor exits are examined for the cycles.
Figure 9 compares the working fluid composition at the compressor entrance. For the No-Condensation
cycle, much more H2O is recycled back to the combustor (since the working fluid doesn’t condense) and
the working fluid composition doesn’t change at all throughout the whole cycle, as can be seen on the next265
graph. Since the SOx Removal cycle removes the SO2 prior to entering the compressor, there is no SO2
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Figure 9: Working fluid comparison for the sour gas combined cycles and the reference cycle (taken at compressor entrance)
present at all in that working fluid. Also very little water is recycled as well so it is mainly CO2 with some Ar
and N2; this is nearly identical to the reference case’s. However for the Acid Resistance cycle both CO2 and
SO2 are compressed and recycled to the combustor which is why there is more SO2 present in the working
fluid. Since the reference cycle has the same configuration as the acid resistance cycle, the working fluids of270
both are similar with the exception of the presence of SOx.
Figure 10 compares the working fluid composition at the combustor exit. As mentioned, the cycle with no
condensation has a working fluid that stays the same throughout, resulting in lower CO2 concentrations after
the combustor. Since no SO2 is recycled to the combustor for the SOx Removal cycle, only that produced
by the combustion process exits, which in this case is only 1%.275
4.4. Sulfur Compounds Formation
Table 2 shows the fractions of the important sulfur compounds at every point in the main gas topping
cycle for the three sour gas combined cycles discussed. The states in the table refer to the ones shown
previously in Figures 1, 5, 7.
In general, SO2 is the dominant sulfur compound present in the working fluid for all of the cycles. The280
process occurring between states 4-5 is the heat transfer in the HRSG. For the no-condensation and SOx
removal cycles, the working fluid doesn’t condense and so the SOx compounds fractions don’t change, but
more importantly the H2SO4 concentrations are very low. On the other hand for the acid resistance cycle,
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Figure 10: Working fluid comparison for the sour gas combined cycles and the reference cycle (taken at combustor exit)
the working fluid condenses and so the acid concentration goes up by about 2 orders of magnitude thus
requiring acid-resistant materials for that component.285
The main difference between these cycles is what happens to the sulfur compounds after the HRSG.
For the acid resistance cycle, after state 5, the working fluid condenses further to a lower quality where
the acid concentration goes up even more. Then the liquid is separated and the gas stream is recycled to
the combustor (state 1). In the no-condensation cycle, that same working fluid at state 5 is recycled back
to the combustor which keeps the working fluid the same throughout the cycle. Finally, the SOx removal290
configuration doesn’t recycle any sulfur compounds to the combustor as they are removed after the HRSG.
4.5. Pressure Drop Sensitivity
The following analysis presents the results from a pressure drop sensitivity study that was done on the
three cycles to determine its effect on the cycle efficiency. As can be seen from Figure 11, the combustor
pressure drop was found to have a significant effect on the efficiency. The average slopes of the three graphs295
were determined to be -0.08, -0.13 and -0.17 Eff%/Pdrop% for the Acid Resistance, SOx Removal and No-
Condensation cycles respectively. Therefore the No-Condensation cycle had the largest efficiency decrease
for every pressure drop increase. This is because since the working fluid for that cycle contains much more
water than the other two, the enthalpy of the mixture exiting the combustor is more sensitive to pressure
variations than those working fluids of the other two cycles. In our analysis and for the results shown next,300
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States
T (◦C) SO2 (%) SO3 (ppm) H2SO4 (ppm)
(a) (b) (c) (a) (b) (c) (a) (b) (c) (a) (b) (c)
1 25 250 25 12.87% 5.68% 0% 0 122.42 0 0 0.73 0
2 413.3 883.4 384.4 12.87% 5.68% 0% 0 122.42 0 0 0.73 0
3 1300 1300 1300 11.45% 5.68% 1.13% 57.50 122.42 37.13 0.15 0.73 0.09
4 733.9 692.0 782.9 11.45% 5.68% 1.13% 57.50 122.42 37.13 0.15 0.73 0.09
5 83.8 250 148 11.45% 5.68% 1.13% 0 122.42 37.13 57.65 0.73 0.09
Table 2: Stream results and sulfur compounds compositions (mole fractions): (a) acid resistance cycle, (b) no-condensation
cycle, and (c) SOx removal cycle
the default value of the pressure drop was taken to be 5%. This is because typical combustor pressure drops
for swirl-type combustors used for similar combustion reactions are between 3-5% and so in our case, to be
more conservative, 5% was chosen.
4.6. Efficiency and Power Breakdown
The final technical performance comparison of these cycles is shown in Figure 12. Details of the power305
generated and consumed by the different components in the cycles are shown where they are expressed as a
function of the (total) heat input to the cycle (based on the fuel’s LHV) in order to non-dimensionalize the
results. The heat input to all of the cycles was the same at 64 MW.
The first thing that is clearly noticeable is the unusually high red bars for the turbine and compressor
works for the No-Condensation cycle. The two bars are over 100% of the heat input which is unusual, the310
reason of this is due to the fact that that the working fluid has a much higher heat capacity than the other
two cycles, and so this cycle produces much more power in the turbine but also requires a lot of power in
the compressor to pressurize that working fluid to 40 bar. But as can be seen finally in the net efficiency
this turns out to be the worst option.
Secondly, the turbine work for the SOx Removal cycle is lower than the Acid Resistance cycle because315
the low pressure is 1.5 compared to 1.1 bar. So there is a smaller pressure ratio across the turbine and as a
result less power is produced. The same is true for the compressor but this results in a lower power required
since the pressure entering in the SOx Removal case is 1.3 bar vs 1 bar for the Acid Resistance cycle.
The CPU (CO2 Purification Unit) and ASU (Air Separation Unit) power inputs are fairly similar for all
of the cycles. These efficiency penalties for these two components agree with what is found in the literature320
[21]. But a slightly smaller power is required in the CPU for the SOx Removal cycle because the SOx
compounds are already being removed in the main cycle before entering the CPU. Therefore, there is no
further efficiency penalty associated with this process, unlike the other two cycles. Also since there are no
18
Figure 11: Effect of combustor pressure drop on net cycle efficiency for the sour gas combined cycles
Figure 12: Power breakdown for the sour gas combined cycles along with the reference case
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sulfur compounds in the reference cycle, the CPU power requirement is slightly lower than the acid resistance
cycle which has the same layout.325
Also there is an efficiency decrease for the No-Condensation and SOx Removal cycles because of the
inability to recuperate all of the latent energy from the topping cycle’s working fluid in the HRSG. Since
the working fluid doesn’t condense in the HRSG for these two cycles, less heat is transferred to the steam
bottoming cycle and so this leads to a smaller power output in the steam cycle. This results in another
efficiency decrease for these two cycles.330
Finally, the net efficiency results show that the Acid Resistance cycle has the best efficiency at 45.2%
followed by the SOx Removal cycle at 42.8% and the worst cycle was the No-Condensation cycle with an
efficiency of 35.6%. The reference cycle also has a slightly higher efficiency of 45.9% than the other sour gas
cycles.
4.7. Fuel Composition Sensitivity335
4.7.1. H2S Variations
An important assessment of the sour gas cycle is the effect of fuel composition changes on the cycle
performance, especially changes in the H2S and CO2 fractions in the fuel. The acid resistance sour gas cycle
performance was studied by varying the fuel compositions. Table 3 shows the results of the H2S variations
in the fuel. The cycle cost was not found to be sensitive to fuel composition.340
The recycle ratio at a lower H2S content was found to be higher, since the heating value of the fuel
increases more recycling is required in the combustor to keep the temperature fixed. Also as a result of this
and the fact that the methane content is higher in the fuel, the CO2 fraction goes up significantly. However,
the SO2 fraction decreases with decreasing HS content as expected. As can be seen, this change in the
working fluid did not affect the efficiency as the efficiency barely responded to the fuel composition change.345
There was a very slight drop in the efficiency at the higher H2S concentration due to the smaller recycle
ratio which decreased the mass flow rate through the main topping cycle resulting in a reduced power output
from the steam bottoming cycle.
4.7.2. CO2 Variations
Similarly, the CO2 content in the fuel was varied but this time there were much more noticeable changes350
in performance. The maximum CO2 composition in the fuel to test was chosen based on realistic values
found in gas wells [8]. Those results are shown in Table 4. Once again, the recycle ratio goes down as the
CO2 content in the fuel is increased. Since the fuel at higher CO2 contents has a lower heating value, less
recycling is required to the combustor. This also leads to the increases in CO2 and SO2 fraction in the
working fluid. Since the fuel’s methane content is decreasing, the H2O fraction in the working fluid also355




CH4 84 70 55
H2S 1 15 30
CO2 15 15 15
Recycle Ratio (%) 91.1 90.7 90.1
Working Fluid Composition (mol%)
CO2 77.87 67.60 56.28
H2O 14.38 14.10 13.75
SO2 0.71 11.45 23.35
Ar 5.87 5.69 5.49
N2 1.12 1.09 1.05
Net Efficiency (%) 45.2 45.2 45.1
Table 3: Fuel composition sensitivity results to H2S variations
requirement which results in an efficiency penalty. The efficiency also decreases further due to the reduced
recycle ratio at higher fuel CO2 contents. Since the recycle ratio decreases, the inlet CO2 flow rate to the
CPU increases and so the capture rate of the system increases from 93% at 1% CO2 in the fuel to 97% at
50% CO2. Overall, the efficiency decreases by about 2.5% as the CO2 content in the fuel increases from 1360
to 50%.
4.8. Cost of Electricity
The levelized cost of electricity (LCOE) and cost of CO2 avoided were calculated for the each of the
cycles by performing a preliminary cost analysis using the same assumptions and material selections that
were explained in greater detail previously [1]. The selection of materials for the different cycle components365
was a key part of the capital cost estimation procedure due to the nature of the working fluid containing
sulfur compounds. Particularly, certain materials were selected to combat hot corrosion in the compressors
and turbines, and also a corrosion resistant material was chosen in order to withstand the extremely acidic
conditions in the acid equipment (ex. heat changers, absorber column) as mentioned in [1].
The results from the cost analysis are shown in Table 5. In the LCOE calculations, the impact of the370
cycle efficiency plays an important role now that the fuel cost is included. Also, to give a best case scenario,
the LCOE was calculated assuming the fuel cost was zero, and those results are also shown in the table. The
cost of CO2 avoided was calculated using the following equation [26]:
Cost of CO2 Avoided ($/ton) =
LCOEcapture − LCOEreference




CH4 84 70 35
H2S 15 15 15
CO2 1 15 50
Recycle Ratio (%) 92.1 90.7 83.4
Working Fluid Composition (mol%)
CO2 66.78 67.60 69.88
H2O 14.06 14.10 14.00
SO2 11.23 11.45 12.07
Ar 6.59 5.69 3.36
N2 1.26 1.09 0.64
Net Efficiency (%) 45.8 45.2 42.6
Table 4: Fuel composition sensitivity results to CO2 variations
The very low efficiency of the no-condensation cycle contributes to a much higher LCOE since the work
output by that cycle is smaller than the others for the same fuel input. Also for this cycle, since the working375
fluid doesn’t condense, the temperature of the fluid entering the compressor is very high and has a high
heat capacity due to the high water content. Thus the volume flow rate through the compressor is much
higher resulting in a larger compressor size and cost. Due to the expensive acid-resistant materials being not
necessary in the heat exchangers (ex. HRSG) for the SOx removal cycle, it was found to have the overall
lowest cost. Even though the acid resistance cycle has a higher efficiency, its cycle cost is still about 3.4%380
higher than the SOx removal case. From a purely economic point of view, the LCOE result suggests that
the SOx Removal cycle to the best option. The LCOE was also calculated for a special case when the fuel
is considered free, since the exact sour gas cost is unknown. The cost of electricity results go down greatly
as one would expect and the LCOE for the SOx removal cycle ends up ranging between 95-116 $/MWh
depending on the fuel price. The CO2 avoided cost is also the lowest for the SOx removal cycle with costs385
in the range of 62-121 $/ton. This cost represents the price of reducing CO2 emissions by one ton for one
unit of electricity production.
There are always errors associated with any cost estimation procedure, for example due to different
sources used for the costs of materials and equipment. Since the acid resistance and SOx removal cycles have
very close LCOE’s, we wanted to see how changes in the equipment costs affected the final LCOE value.390
The Bare Erected Cost (BEC) for each cycle was varied by 15% and it was found that the resulting LCOE
changed by an average of 13% for both cycles. This cost represents the overnight equipment and process
costs, and so it can clearly be seen that the cost of electricity difference between the two cycles mentioned
above, is well within the margin of error of this BEC.
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Parameter Unit Acid Resistance No-Condensation SOx Removal
Net Power Output MW 28.92 22.79 27.39
Net Efficiency % 45.2 35.6 42.8
LCOE 2014 $/MWh 120 217 116
LCOE (Fuel Cost = 0) 2014 $/MWh 100 191 95
CO2 Avoided Cost $/ton 132 414 121
CO2 Avoided Cost (Fuel Cost = 0) $/ton 75 341 62
Table 5: Costing analysis results for the sour gas combined cycles
Finally, in order to compare the cost of these combined cycles to the reference case we have been using395
earlier (sweetened natural gas oxy-fuel combined cycle), we found the LCOE of a pure methane oxy-fuel
combined cycle that was calculated by Davison to be 117 $/MWh [27]. The cycle layout used in [27] is similar
to the reference case we are considering and they also have similar efficiencies. Since LCOE calculations
already introduce a lot of uncertainties and errors, we will use the calculations done by Davison just as a
point of reference and just to give an idea and a ballpark estimate of what methane oxy-fuel cycles’ costs400
might be in comparison to the sour gas cases that will be discussed next.
4.9. Comparisons to the Water Cycles
After comparing each of the cycles for the two cycle types (water cycle and combined cycle) separately
in this paper and our previous one [1], we now look at the differences between all five of the sour gas cycles
that were modeled: Combined Cycle Acid Resistance, Combined Cycle No-Condensation, Combined Cycle405
SOx Removal, Water Cycle Acid Resistance, and Water Cycle SOx Removal.
4.9.1. Recycle Ratio Comparison
Table 6 compares the recycle ratios for all of the sour gas cycles. For these cycles, the two water cycles
had the lowest recycle ratios because the recycled fluid, liquid water, has a much higher heat capacity than
those of the combined cycles (gaseous CO2). The No-Condensation combined cycle also recycled mostly410
water but for that case it was in the form of a gas and so had a lower heat capacity than the liquid and
therefore needed more recycling.
4.9.2. Working Fluid Comparison
Figure 13 compares the working fluid composition at the combustor exit for the combined cycles and at
the reheater exit for the water cycles. For the No-Condensation combined cycle, much more H2O is recycled415
back to the combustor (since the working fluid doesn’t condense) than the other two combined cycles and so
higher amounts were observed at the exit of the combustor. Since the SOx Removal combined cycle removes
23
Recycle Ratio (%)
CC Acid Resistance 91
CC No-Condensation 90
CC deSOx 92
WC Acid Resistance 87
WC deSOx 82
Table 6: Recycle ratio comparison for all of the sour gas cycles
the SO2 prior to entering the compressor, there is much less SO2 present in the working fluid than the other
two combined cycles. The water cycles recycle only H2O back up to the combustor and so there is much
more H2O present in the working fluid than the rest of the sour gas cycles. Also since the same type of420
working fluid is being recycled (liquid water) for the water cycles, they both have the same compositions.
4.9.3. Efficiency and Power Breakdown
Finally, the technical performance comparison of all these cycles are shown in Table 7 and Figure 14.
The power for each component is expressed as a function of the total heat input to the cycle.
Table 7 shows the power breakdown for the turbines and compressors/pumps. The turbine work for the425
two SOx Removal cycles are lower than their equivalent Acid Resistance cycles because the low pressures
were 1.5 and 0.3 bar compared to 1.1 and 0.1 bar. The same is true for the compressor for the combined
cycle but this results in a lower power required since the pressure entering in the SOx Removal case is 1.3
bar versus 1 bar for the Acid Resistance cycle.
The turbine power outputs for the water cycles are both much lower than the combined cycles, due to430
the nature of the cycles configurations and assumptions. In the water cycles, liquid water is fed to the
combustor to act as a diluent and moderate the temperatures, whereas a gaseous working fluid is recycled
to the combustor in the combined cycle cases. Therefore for the water cycles, part of the fuel’s heating
value is used first for phase change to evaporate this liquid and then heating it up to the desired combustor
temperature. Whereas in the combined cycles the heat input in the combustor is only used for heating up the435
gases. A second reason why we see these turbine power differences is from the fact that the water cycles, had
higher pressure drops in the combustors and reheaters (10% & 6%) compared to 5% for the combined cycles.
Therefore, this once again decreases the turbine power output. However, the compressors and pump works
for the two water cycles are also both very low compared to the combined cycles, due to water pumping,
only resulting in a 2% efficiency loss.440
The ASU power input is almost the same for all of the five cycles resulting in an almost 10% efficiency
penalty for each cycle. Table 7 shows the power required for the CPU expressed as a function of the total
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Figure 13: Working fluid comparison for all of the sour gas cycles (taken at combustor and reheater exits)
heat input to each of the cycles. A slightly smaller power is required in the CPU for the SOx Removal
cycles because the SOx compounds are already being removed in the main cycles before entering the CPU.
Therefore, there is no further efficiency penalty associated with this process, unlike the other cycles. Also445
the water cycles have slightly higher power requirements in the CPU since the cycle operates at much lower
condenser pressures than the combined cycles. Consequently, more work is needed to recompress that CO2
stream for purification and EOR applications at the fixed pressure of 110 bar.
There is also an efficiency decrease for the No-Condensation and SOx Removal cycles because of the
reduced recuperation of the latent energy from the topping cycle’s working fluid in the HRSG, and from the450
hot working fluid in the regenerator for the water cycle, since the working fluids don’t condense in those
cycles.
Finally, the net efficiency differences are shown in Figure 14. The Acid Resistance cycles had the best
efficiencies compared to their other cycle types. The water cycles also had lower efficiencies than the combined
cycles except for the No-Condensation cycle that had the worst efficiency at 35.6%. The SOx Removal cycle455
had a much larger efficiency decrease from the Acid Resistance cycle for the water cycles than for the
combined cycles. This is because the overall cycle pressure ratio decrease had a significantly bigger impact
on the net power for the water cycle than the combined cycle.
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Turbine Output Compressor & Pump Input CPU Input
(% of Heat Input)
CC Acid Resistance 88.3 29.1 3.7
CC No-Condensation 156.6 106.6 4.1
CC deSOx 82.3 26.0 3.2
WC Acid Resistance 59.3 2.0 6.2
WC deSOx 53.2 2.0 4.9
Table 7: Power breakdowns (% of heat input) for the sour gas cycles
Figure 14: Efficiency comparison for the sour gas cycles
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4.9.4. Cost of Electricity
Lastly, the LCOE’s are compared for all of the five sour gas cycles in Figure 15 for the two fuel cost cases460
explained previously. The following cycle labels used in the graph, are explained below:
CC AR Combined Cycle with Acid Resistance
CC NC Combined Cycle with No-Condensation
CC SR Combined Cycle with SOx Removal
WC AR Water Cycle with Acid Resistance
WC SR Water Cycle with SOx Removal
The results show that the lower efficiencies of the water cycles versus the combined cycles and the low
efficiency of the CC-NC contribute to their high cost of electricities. The difference in the LCOE between the
two fuel cost cases is also evident from the figure, where there is an average decrease of around 23 $/MWh
for all cycles as the fuel cost goes to zero. The increase in cost of the water cycles is also due to the lower465
condensing pressures, which result in larger heat exchangers and greater compression in the CPU up to the
same sequestration pressure. Also, as it turns out, although the acid resistance cycles have higher efficiencies
than the SOx removal ones, their cycle costs are slightly higher. Therefore a tradeoff would have to be made
between cost and cycle performance; keeping in mind that the cycle efficiency is also included in the LCOE
calculations. From a purely economic point of view, the LCOE ranking are as follows: Combined Cycle SOx470
Removal, Combined Cycle Acid Resistance, Water Cycle SOx Removal, Water Cycle Acid Resistance, and
then once again the worst was the Combined Cycle No-Condensation.
The figure also shows the LCOE of the reference case that was once again obtained from the literature in
a study done by Davison [27] who calculated it to be 117 $/MWh. For consistency, this reference case from
the literature was also used in our previous paper [1]. The literature review done earlier showed us that none475
of the studies that deal with methane oxy-fuel cycles actually include the energy and cost penalty associated
with purifying the natural gas before use in the cycle. Hence it is hard to accurately judge the sour gas cycles
against those refernce methane cycles. However it seems from Figure 15 that the acid resistance combined
cycle and the SOx removal combined cycle can both in fact be cost competitive with a traditional natural
gas oxy-fuel cycle for carbon capture.480
5. Conclusions
A detailed analysis of oxy-fuel power cycles utilizing sour natural gas as the fuel has been performed.
Three different configurations were considered for the combined cycles and two for the water cycles as was
discussed extensively in [1].
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Figure 15: Levelized cost of electricity comparison for the sour gas cycles for the two fuel cost scenarios
For the combined cycle types, the three possibilities modeled were: Acid Resistance, No-Condensation and485
SOx Removal. Similarly for the water cycles, an Acid Resistance and a SOx Removal cycle were considered.
Out of the three combined cycles, the Acid Resistance cycle was found to have the highest efficiency followed
by the SOx Removal cycle then the No-Condensation cycle. The main reason being the condensation that
is allowed to happen in the HRSG which increases the latent energy recuperation of that working fluid. The
No-Condensation cycle had the worst efficiency due to the fact that the working fluid doesn’t condense, and490
also because the inlet temperature to the compressor for this cycle is high resulting in more power required
to compress this stream to the combustor pressure.
The combined cycles on average performed better than the water cycles due to the fact that liquid water
is being recycled in the water cycles which decreases the overall performance of these cycles. Therefore from
a purely technical point of view, the performance ranking of these cycles were as follows: Combined Cycle495
Acid Resistance, Combined Cycle SOx Removal, Water Cycle Acid Resistance, Water Cycle SOx Removal,
and then the worst was the Combined Cycle No-Condensation.
A preliminary cost analysis was also done on these cycles to calculate the levelized cost of electricity. The
water cycles on average had higher costs than the combined cycles due to the fact that they condense down to
lower pressures and so larger, more expensive equipment are needed in those low pressure components. From500
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a purely economic point of view, the performance ranking of these cycles were as follows: Combined Cycle
SOx Removal, Combined Cycle Acid Resistance, Water Cycle SOx Removal, Water Cycle Acid Resistance,
and then once again the worst was the Combined Cycle No-Condensation.
Therefore combining this and the previous [1] analysis done, it seems that the best process cycle to use
is the Combined Cycle SOx Removal followed by the Combined Cycle Acid Resistance. Although the acid505
resistance cycles had higher efficiencies, the inexpensive nature of the fuel leads us to conclude that sacrificing
efficiency points but for a cheaper system is the best option.
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